In this paper, the H ∞ robust control problem for a class of uncertain neutral system with time-varying delays is considered. Based on Lyapunov-Krasovskii functional theory and Leibniz-Newton formula, some criteria for the H ∞ robust control with disturbance attenuation are derived. Delay-dependent and delay-independent criteria are proposed to guarantee the stabilization and disturbance attenuation of systems. Linear matrix inequality (LMI) optimization approach is used to solve the H ∞ control disturbance attenuation problem. A procedure for the design of robust controller is provided. Finally, two examples are used to illustrate the effectiveness of the proposed approach.
INTRODUCTION
Time-delay phenomena are often encountered in various practical systems, such as AIDS epidemic, aircraft stabilization, chemical engineering systems, distributed networks, inferred grinding model, manual control, microwave oscillator, neural network, nuclear reactor, population dynamic model, rolling mill, ship stabilization, and systems with lossless transmission lines [7, 11] . Hence, the stabilization problem for time-delay systems has received considerable attention and has been one of the most interesting topics in the control theory. Especially, the stabilization in various neutral time-delay systems has been considered in recent year [1, 7, [11] [12] [15] [16] . Moreover, time delay is frequently a source of instability and a source of generation of oscillation in many systems [7, 11] .
In practical systems, analysis of a mathematical model is usually an important work for a control engineer in order to control a system. However, the mathematical model always contains some uncertain elements. Therefore, under such imperfect knowledge of the mathematical model, seeking to design a robust controller such that the system responses can meet desired properties is an important topic in system theory. Depending on whether the stabilizability criterion itself contains the size of delays, criteria of time-delay systems can be classified into two categories, namely delay-independent criteria [1, 10, 12, 16] and delay-dependent criteria [3-4, 6, 12-13] . Generally speaking, the latter ones are less conservative than the former ones, but the former ones are also important when the effect of time delay is small. On the other hand, the H ∞ control concept was proposed to reduce the effect of the disturbance input on the regulated output to within a prescribed level. Recently, the H ∞ control problem on time-delay systems were investigated by some researchers, but their results are restricted on delay-independent criteria for neutral system with constant time delays [1, 16] , delay-dependent criteria for neutral system with constant time delays and without perturbation [6, 15] , or delaydependent criteria for retarded system with time-varying delays [3] [4] . To the best of author's knowledge, the delay-independent and delay-dependent H ∞ control problems for uncertain neutral systems with time-varying delays had not been considered in the past. Hence we will consider those H ∞ control problems in this paper.
Various analytic techniques have been developed to derive the stability criteria for the H ∞ control problems of neutral systems. Descriptor system approach and Moon's inequality are used in [6] , but the numerical iterative rules must be applied. Lyapunov-Krasovskii theory with algebraic Riccati inequality and LMI approach are proposed in [4] . Lyapunov-Krasovskii theory with LMI-based feedback controls is studied in [15] [16] . Over the recent results on time-delay systems, LMI approach is an efficient method to solve many control problems; such as H ∞ control problem [1, 3-4, 6, 15-16] , stability problem [8] [9] [10] [12] [13] , and guaranteed cost control problem [14] . In the recent years, Leibniz-Newton formula is used to derive delay-dependent results and provide less conservative results in [9, 12] . The LMI optimization approach is used to minimize the objective function under some LMI conditions. Hence, the LMI optimization approach will be applied and used to find the H ∞ controller which minimizes the disturbance attenuation. Delay-dependent and delay-independent stabilizability criteria are proposed to finish the controller design. Lyapunov-Krasovskii theory and Leibniz-Newton formula are used in this paper. Two numerical examples are given to illustrate the use of our results.
PROBLEM FORMULATION AND MAIN RESULTS
The notation that will be used throughout the paper is as follows: :=Euclidean norm of vector x (t). A :=Spectral norm of matrix A.
x(t + s) .
A ≤ B := B − Ais a positive semi-definite symmetric matrix. P > 0 := P is a positive definite symmetric matrix. P < 0 := P is a negative definite symmetric matrix. λ max (P ) :=Maximal eigenvalue of symmetric matrix P . λ min (P ) :=Minimal eigenvalue of symmetric matrix P . I := Unit matrix. ∀ :=Means "for every".
In this paper, we consider the following uncertain neutral system with time delays:
where x ∈ n , x t is the state at time t defined by x t (s) :
n is the input of system, w ∈ l is the disturbance input, z ∈ q is the regulated output, the delays h (t) and τ (t) are two time-varying
are known, and the initial vector φ. The perturbed matrices ΔA i (t), i ∈ {0, 1, 2} and ΔB j (t), j ∈ {0, 1} are some time-varying functions satisfying
where M and N i , i ∈ {0, 1, 2, 3, 4}, are some given constant matrices, F (t) is an unknown real time-varying function with appropriate dimension and bounded as follows:
Now we wish to design a state feedback controller u (t) = −Kx (t), such that the following conditions are satisfied:
With w (t) = 0, the closed-loop system (1) with (2) and u (t) = −Kx (t) is asymptotically stable.
With zero initial condition (i.e. x 0 = 0), the following condition holds
for some γ > 0. The obtained controller u (t) = −Kx (t) is said to be the H ∞ controller of system (1) with (2) and the disturbance attenuation γ. The parameter γ is called the H ∞ -norm bound of this controller. The Leibniz-Newton formula provides (1) can be rewritten as:
We assume that the pair Â , B 0 is stabilizable. Lemma 1. For any matrices x, y, constant ε > 0, and a time-varying matrix
where
and S(y) depend affinely on y.
Now we present a delay-dependent criterion for H ∞ control of system (1) with (2). The matrix E ∈ n×n will be selected in advance and the optimization problem will be solved. Theorem 1. Consider the system (1) with (2) and state feedback controller u (t) = −Kx (t). Suppose A 2 + M · N 2 < 1 and the following optimization problem:
subject to
has a solution ε,γ,P i , i ∈ {0, 1, 2, 3},Q,K, wherê (1) with (2) and the disturbance attenuation γ = √γ . Proof. Define the Lyapunov functional
By some simple derivation, we have
This implies that the functional V (x t ) is a legitimate Lyapunov functional candidate [11] . The time derivatives of V i (x t ), i = 1, 2, 3, 4, along the trajectories of system (3) satisfẏ
Define a functional by
From the time derivatives of V i (x t ), i = 1, 2, 3, 4, we have
Noting that P 2 =P
−1 2
and P 3 =P
−1
3 , we can obtain the following result in view of Lemma 2 with (11):
The above condition is equivalent to the following result with γ 2 =γ:
Hence we have
Define a real matrix Ξ 0 and by the Lemma 1, we have
By the Lemma 2 and (22), the matrix Ξ 0 < 0 is satisfied in view of the condition (10) . By the same Lemma with the condition Ξ 0 < 0, we can also obtain the following result:
Pre-and post-multiplying the matrix Ψ 2 in (23) by Φ T and Φ, where
the condition (23) with K =KP 0 is equivalent to
From (20), we have
From (24) and (9) with w (t) = 0, there exists a ρ > 0 and the following result is satisfied:V
Furthermore, by Theorem 3.1.6 of [11] with (6), (25), and condition A 2 + M · N 2 < 1, we conclude that the systems (1) and (3) with (2) and w (t) = 0 are both asymptotically stabilizable by u (t) = −KP −1 0 x (t). Integrating the inequality in (9) from 0 to ∞, we have
With zero initial condition (x 0 = 0), we have
and
We can conclude that the controller u (t) = −Kx (t) = −KP (1) with (2) and the disturbance attenuation γ = √γ . Remark 1. Note that for any given matrix E, the entries of Θ 1 and Θ 2 in (10) and (11) are affine in matricesP 0 ,P 1 ,P 2 ,P 3 ,Q,K, and constantsγ, ε. Hence the standard LMI optimization approach can be directly employed to solve the optimization problem (9) with conditions (10)- (12) . We can utilize Matlab's LMI Control Toolbox with the program command mincx() to find the matricesK,P 0 , and the H ∞ controller is given by u (t) = −KP −1 0 x (t) [5] . If the minimization of objective functionγ = γ 2 in (9) under conditions (10)- (12) is achieved, the H ∞ control problem with minimal H ∞ -norm bound γ will be finished.
Notice that for E = 0, the matrixP 3 in the proof Theorem 1 could be denoted as zero. The delay-independent stabilization criterion (independent of h M and τ M ) is written as follows.
Corollary 1. Consider the system (1) with (2) and state feedback controller u (t) = −Kx (t). Suppose A 2 + M · N 2 < 1 and the following optimization problem:
Now we provide a procedure to design the state feedback H ∞ controller of system (1) with (2) . We assume that the condition A 2 + M · N 2 < 1 is satisfied and the constants h M , h D , and τ D , are given.
Step 1. Test the delay-independent optimization criteria in Corollary 1 by Matlab. If the optimization problem in Corollary 1 has a solution, the state feedback H ∞ controller is given by u (t) = −KP 
NUMERICAL EXAMPLES
Example 1. Consider the system (1) with constant delays and the following parameters: (Example of [16] )
By using the Matlab in Corollary 1, the optimization problem has a solution γ = 0.0353, ε = 9.8942, (1) with (2) and (30) is given by
with disturbance attenuation γ = √γ = 0.18787. Based on the LMI optimization approach, LMI variables will be selected over a range (default value 10 9 ) and maybe introduce high feedback gain for better disturbance attenuation. Comparison of the result reported in [16] and that by using the proposed method is shown in Table 1 . Smaller disturbance attenuation can be obtained from this paper. 
CONCLUSIONS
In this paper, the state feedback H ∞ control problem for a class of uncertain neutral systems with time-varying delays has been considered. Based on the LMI optimization, delay-dependent and delay-independent criteria have been proposed for the existence of memoryless H ∞ state feedback controller. Two numerical examples have been provided to illustrate the use of the proposed method.
